Abstract-The polymerization of acrylonitrile in the presence of catalytic systems based on copper(I) bromide, tris(2-pyridylmethyl)amine, and different reducing/activating agents is studied. It is found that the polymerization is controlled and that the activating agent is regenerated by a single-electron transfer. Moreover, the polymerization leads to the formation of polymers with high molecular weight and relatively narrow molecular-weight distribution. It is found that glucose and ascorbic acid are the most efficient among the studied activating agents in terms of the polymerization rate and the control over the molecular-weight characteristics of synthesized polymers.
Carbon fibers are widely used as a basis for highstrength structural materials that are required in many fields of the high-tech industry (e.g., aerospace industry, arms industry, construction, and medicine) and in the production of sports equipment and various household products [1] [2] [3] [4] [5] [6] . A great interest in carbon fiber results from its unique features, primarily its high modulus of elasticity and particular thermophysical, electrochemical, and sorption properties [7, 8] . Presently, the main precursor for the production of carbon fiber is acrylonitrile-based copolymers that contain more than 95% acrylonitrile [9, 10] . To obtain a highquality material with a high modulus of elasticity, it is preferable to use polymers with a molecular weight (MW) of ~10 5 and a relatively narrow molecularweight distribution (M w /M n < 2) as the precursor [11] [12] [13] . The use of a precursor with a lower MW results in the formation of a carbon fiber with low strength, whereas an increase in the MW to (5-10) × 10 5 makes the polymer less soluble in a spinning solution. The advantage of using copolymers with narrow molecular-weight distribution is that they do not contain an insoluble high-molecular-weight fraction. This feature contributes to a high compositional homogeneity and better solubility of the polymer and leads to the production of a fiber with fewer defects [13] .
At present, controlled radical polymerization is one of the most effective methods to produce polymers with a narrow molecular-weight distribution and a predetermined MW [14] [15] [16] [17] . This methodology, which combines the simplicity of classical radical polymerization with the possibilities provided by "living" anionic polymerization, has recently become a powerful tool for synthetic polymer chemistry. Atom transfer radical polymerization (ATRP) stands out among different ways to implement controlled radical polymerization [18] [19] [20] .
The catalytic process of ATRP is based on the reversible transfer of a halogen atom between a growing polymeric chain and a transition metal complex. The reversible transfer is accompanied by the alternation of the chain between its active and inactive ("dormant") states:
(1) As the result, polymer chains grow simultaneously in a step by step manner over the entire polymerization process, yielding samples with a narrow molecularweight distribution and a predetermined MW. Atom transfer polymerization that proceeds in accordance with scheme (1) is always accompanied by side reactions of irreversible chain termination. Consequently, metal complexes containing the metal in its highest oxidation state accumulate in the system. Its accumulation shifts the equilibrium even further toward the dormant chains, causing the polymerization to stop long before a high degree of monomer conversion is achieved, and necessitates the use of relatively large quantities of a metal-containing catalyst. This problem can be eliminated by supplying the system with an additional activator that regenerates the active form of the catalyst. In fact, this approach known as activators regenerated by electron transfer (ARGET) [21] [22] [23] gave a second birth to the ATRP method by increasing the rate of the process and decreasing the concentration of the applied metal complex without sacrificing a high degree of control over the process.
The appeal of the ARGET ATRP methodology for the production of homo-and copolymers of acrylonitrile, which are then converted into carbon fiber, lies in the possibility to continue the process until a high degree of conversion is reached and in the possibility of obtaining a product with high MW. Moreover, ARGET ATRP requires lower concentrations of a metal-containing catalyst and thereby makes it possible to significantly reduce the costs of cleaning the resulting precursor from the unreacted metal-containing compound and the activator.
Copper compounds play a special role among metal-containing catalysts that make it possible to carry out the controlled synthesis of polyacrylonitrile and a number of acrylonitrile-based copolymers. K. Matyjaszewski et al. carried out the pioneering studies in this field [24, 25] ; these studies were based on the use of copper halides in combination with 2,2'-bipyridyl. In spite of the fact that the authors obtained narrowly dispersed polyacrylonitrile (M w /M n ~ 1.2), the polymerization was characterized by a relatively low degree of conversion (less than 40% in 23 h) and low MW of the resulting polymer. In their later studies, K. Matyjaszewski et. al. successfully applied the ARGET ATRP to perform the controlled synthesis of polyacrylonitrile using the systems based on CuCl 2 in combination with tris(2-pyridylmethyl)amine (TPMA) and various reducing agents [26] . The use of these systems made it possible to perform the polymerization of acrylonitrile at temperatures of 40-65°С and at the copper catalyst concentration of 75 or 25 ppm. This feature makes these systems attractive in terms of reducing the costs of purification of the product from the catalyst. The reviews [19, 27] summarize data on the polymerization of acrylonitrile under the effect of metal-containing compounds and other agents of controlled polymerization in more detail.
The aim of this study was to find the optimal conditions for the controlled polymerization of acrylonitrile in order to produce samples with high molecular weight and narrow molecular-weight distribution. We selected the catalytic system based on copper(I) bromide in combination with TPMA, which is used as a complexing ligand [26, 28, 29] . Copper(0), glucose, ascorbic acid, tin(II) 2-ethylhexanoate, and isopropylamine were used as agents reducing the catalyst. This study analyzes the influence that the process conditions and the ratio between the concentrations of the components in the polymerization system have on the process rate and the yield and characteristics of the produced polymer. EXPERIMENTAL Acrylonitrile (Sigma) was purified by distillation over calcium hydride under argon immediately before use. DMSO was dried over sodium hydroxide, distilled under reduced pressure, redried over the calcined 4-Å zeolite, and then again distilled. The physicochemical constants agreed with the published data. Copper (I) bromide, ethyl 2-bromoisobutyrate (EBIB, 98%), glucose, and tin(II) ethylhexanoate (Aldrich) were used without preliminary purification. The TPMA ligand was obtained according to the known procedure [30] . The metallic copper was in the form of a wire 1 mm in diameter. Pieces of copper wire (5 mm long) preactivated with hydrochloric acid were placed in prepared glass ampoules during the experiment.
Calculated amounts of TPMA, copper(I) bromide, glucose, or ascorbic acid (as activators) were placed in a Schlenk flask equipped with a magnetic stirrer. The flask was degassed three times and filled with argon. The calculated amounts of DMSO, acrylonitrile, tin ethylhexanoate, or isopropylamine (as activators) and ethyl 2-bromoisobutyrate were then added. The resulting mixture was dispensed into prepared ampoules. When copper(0) was used as a reducing agent, a copper wire 1 mm in diameter and 5 mm in length was activated with hydrochloric acid and placed in the ampoules before the prepared polymerization mixture was added. The ampoules were degassed three times, sealed, and placed in a thermostat for a predetermined time. The polymerization was stopped by freezing the ampoule in liquid nitrogen. The polymerization product was dissolved in DMF and precipitated in distilled water. The polymer obtained by filtration was dried to constant weight at 70°C under reduced pressure.
